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ABSTRACT 


Six different cases of helicopter main rotor parameter 
variation are considered for each of three different forward 
velocities - hover, sixty knots and one-hundred fifty knots - in 
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I. INTRODUGT Ton 


A. PARAMETER VARIATION 

The Conceptual Design process for a helicopter involves 
variations in the geometric parameters in an effort to 
obtain the best design. Some of the parameter changes are a 
result of verformance considerations, for example, having a 
minimum amount of power required at the velocity desired 
for normal cruise flight, while some of the changes area 
Lesule of external requirements, such as having’ the 
aincrait £it Gea tranceort olener 

The first steps in the Conceptual DeSign are based on 
the requirements of the system specification and historical 
trends. An example of trend information is that the Aspect 
Ratio (radius divided by chord) of the main rotor of a 
Single-rotor helicopter usually lies between a value of 
fifteen and twenty [Ref. 1]. This means that if a first 
iteration rotor radius is selected, the designer already 
has an indication of the required = ichord ot cies ese ne 
Because of the different trend relationships, the actual 
range of parameter values available to the designer may be 


limited due to more than one reason. 
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B. POWER FUNCTIONS 

The basic sizing parameters affecting the main rotor 
are the radius, the chord and the rotational velocity of 
Sew GOLor. sme to the fact that these principal sizing 
parameters have non-linear effects on the total power 
required, it 1S necessary to consider the component power 
functions in an analysis [Ref. 2]. These power functions 
are as follows: 

INDUCED POWER - That portion of the total power that is 

used to develop the thrust of the helicopter. This 

power is used to 'pump' air through the rotor in order 

to develop a lifting, or thrust, force to balance the 

weight of the vehicle. 

PROFILE POWER - That portion of the total power that is 

used to overcome the drag of the rotating blades (blade 

torque)’. 

PARASITE POWER - That portion of the total power that 

is used to overcome the drag of the fuselage. This is 

principally a function of the forward and/or vertical 

flight velocity, but some parasite power 1S required to 

overcome the effect of rotor downwash on the fuselage, 

even in hover. Inasmuch as this power is generally less 

than three percent (3%) of the total power, it will not 


be considered in this analysis. 


ili 


C. INDUCED POWER 
Induced power required at zero velocity (hover) can be 
represented most simply by use of Momentum Theory as shown 


in Equation (1-35 


= (w°? //2oTRZ] + [1/B]/550 HP (leat 
where, 

Pi = Induced power (horsepower) 

W = Gross weight (pounds) 

06 = Atmospheric density (slugs/feet? ) 

R = Rotor radius (feet) 

B =)Tip bosssraccon 


From Equation (1-1) it may be seen that tne Induced 
Power required is an inverse function of the rotor radius. 
This is logical inasmuch as with a very small radius, one 
would have to 'pump' much more air in order to generate the 
same amount of thrust. 

Neither rotor blade chord nor rotational velocity 
appear in Equation (1-1). This is due to the fact that this 
Equation is based on Momentum Theory and it is assumed that 
a blade of sufficient $1z7e€ (chord)9 as Veuenrnogu ae 
sufficient rotational velocity to generate the required 
thrust. Rotational velocity (radians per Second) is 


usually combined with the rotor radius (R) and expressed as 


Le 


tip velocity in feet per second. 


Vin = &R 2) 


The thrust for a rotor system may be expressed as, 


T =+b cp @&R)? oa (125 


where, 


b 


Number of rotor blades, 


e Chord (feet) 
& = Average Coefficient of Lift. 

As a helicopter moves from (hover) into forward flight, 
its transition through the air induces a flow velocity 
through the rotor that substitutes for a portion of the 
pumped yYelocilty. This reduces the Induced Power 
requirements so that the faster the helicopter flies, the 
less Induced Power is required. This fact immediately gives 
the designer an idea of where the effects are the greatest. 
It has been shown in Equation (1-1) that the Induced Power 
is inversely proportional to the rotor radius. It can be 
seen, therefore, that changing the radius will have the 
greatest effect at hover, and the effect will diminish as 
the helicopter translates into forward flight. 

De PROFILE POWER 

As has been stated, the Profile Power is that power 

required to overcome the drag of the turning rotor blades. 


At hover, this can be expressed as, 
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where, 


Cdo = Average profile drag of rotor blades 
© = Ratio of rotor blade aves” tomrerer aice 
area (Solidity) (bc/TR) 
A = Rotor disc area (TR) feet 


From Equation (1-4) it may be seen that variations in 
rotor radius have a complex effect on the Profile Power 
dependent on whether just the rotor disc area is changed, 
the solidity is changed, the tip velocity is changed, or 
combinations of these factors. 

In forward flight the profile power increases as the 
square of the ratio of the forward flight velocity (Ve) BO 
themtip velocitny, (Vindy as shown in Equation (1-5), 

Pom= cou een (1-5) 
where, 
= Ve/Vp =V_e/2R 

From Equation (1-5) it may be seen that a simple change 
of the rotor radius (with all other factors held constant) 
has the tendency to increase the Profile Power requirement, 
an opposite effect to what was seen with the Induced Power. 
E. PARASITE POWER 

The Parasite Power function is that portion of the 
total power that is used to overcome the drag of the 
fuselage. Rather than expressing drag coefficients for the 


fuselage, it is usual to use an Equivalent Flat Plate Area 
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(EFPA), which is the area that would produce the same 
ameuUmtwommerag with a drag Goefficient of 1.0. The Profile 
Power of a helicopter in forward and/or vertical flight is 


shown as, 


Pp = [xpf,V,-° + pF V_°]/550 HP (28) 
where, 

ie = EFPA in forward flight (feet) 

1a = EFPA in vertical flight ceca 


It may be seen from Equation (1-6) that none of the 
three isama ry. BeCOr papameters, radius, chord and 
rotational velocity, are factors of the Parasite Power 
Requirements. 
ee THE PROBLEM 

Because the three principal parameters have non-linear 
effects, both singularly and in concert on the total power 
requirements, it is necessary for the designer to make many 
calculations during the Conceptual Design phase. Without 
some indication of the nature of the results of any 
changes, initial changes may be made in the wrong 
direction. For example, if the designer wishes to optimize 
the total power requirements at a velocity near the minimum 
power point, it is not readily apparent whether radius, for 
example, should be increased or decreased. 

This project was undertaken, therefore, to develop some 


general trend information that could be used in the early 


Le 


Stages of a helicopter design, and, in particular, to make 
this information available to student in the course of 
iInstruceaan AE 4306 "Helicopter Design" at the Naval 


Postgraduate School. 
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i eae e nk Onen ter tae PROBLEM 


A. CONSTANT PARAMETERS 
In order to simplify the presentation of data, it was 
decided to vary only the basic geometric parameters of the 
malin rotor system. As a result, it was assumed that an 
optimum airfoil section had been selected, and this section 
had a fixed value of profile drag coefficient (Cdo), a 
uniform twist (9,4) and that the rotor blade was rectangular 
with respect to an equivalent chord. 
In addition, all calculations were made at standard sea 
level conditions, 
B. VARIABLE PARAMETERS 
The three basic geometric parameters of the main rotor 
system that were chosen to be variables were, 
1. Rotor radius (R), feet 
Zeer OcOl Chord (c), feet 
3. Rotor rotational speed (2), radians per second 


Although but three parameters were varied, it was 


necessary to examine not only a change in a _ single 
parameter, but also changes caused by combinations of the 
three geometric values. As a result, six cases were 


developed. Three of these cases were primarily for radius 
variations, one was for a chord only change, and two cases 
were developed primarily for rotational velocity changes. 


1% 


Because of both the equations used in determining 
component powers and the general considerations of 
helicopter performance, factors that include combinaticns 
of the three variables must also be considered. These 
include disc solidity (eo), | S0ter Stl pve leerey oF ), and 
disc area (A). 

C. = SsOU LD iii 

Solidity is the ratio of rotor blade area to rotor disc 
area, 

Gue= (DCR) JGR) ee Dien ee) (2-1) 

Solidity is used aS a non-dimensional area ratio, for 
example in presenting the average lift coefficient of a 
rotor system by dividing the coefficient of thrust (a 
non-dimensional thrust measure) by solidity to give a 
non-dimensional lift (thrust per area) function. 

To Maintain a constant lift coefficient (a possible 
aerodynamic requirement) while developing a constant 
coefficient of thrust (a possible performance requirement), 
one must maintain a constant value of solidity. It can be 
seen from Equation (2-1) that if the radius is changed, the 
solidity can be maintained a constant only by simultaneous 
changing of the rotor chord. ‘(of Seonrtseuenoeiuipe ren 
Dlades could also be changed, but only in integral 


multiples). 
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We SLi P VEEOCITY 

Because of the ease of measurement, the velocity of the 
ep ona the rotor blade is generally used as a 
Sieregerteristic alrfoi1l velocity parameter. The tio velocity 
is the product of the rotational velocity in radians over 
second and the rotor radius in feet, 

Vm = QR feet per second ioe) 

It may be seen from Equation (2-2) that a change in the 
rotor radius will produce a change in the tip velocity. 
However, 1t may well be that the designer does not desire 
Miemmbomveloclity to change. In order to optimize the rotor 
oerformance in regard to power requirements, it is desired 
to have as high a tip velocity as possible. However, when 
the velocity of the rotor tip reaches the transonic speed 
range, compressibility effects will occur that produce an 
increase in the required power. These compressibility 
effects are a function of the total air velocity seen at 
the rotor tip, and this total is equal to the tip velocity 
alone at hover and is equal to the sum of the tip velocity 
and the forward velocity during forward flight. 

In order to delay compressibility effects, the tip 
velocity is generally chosen at a value below the transonic 
range at hover, and is usually in the neighborhood of seven 
hundred (700) feet of second. If it is desired to maintain 
a tip velocity near this value it is necessary to vary the 
rotational velocity as rotor radius is changed. 


IL) 


Ee DISC AREA 
The disc area is the area of the circle enscribed by 


the rotation of the unconed rotor system, 


eee (2-3) 
Although disc area appears in the equations for 
helicopter performance, it is used principally as a 
convenience. In the equation for induced power, Equation 


(1-1), disc area is used because that is the basis for the 
Momentum theory development. Use of the area factor assumes 
that the rotor will consist of a sufficient number of rotor 
blades, each with a proper airfoil section and sufficient 
chord to provide a reasonable blade loading. In _ the 
equation for profile power, Equation (1-4), the product of 
the disc area and the solidity is simply the total blade 
area, 
ocA = [(b c)/(m R)]-[nR?] = bcR (2-4) 
It is seen, therefore, that the disc area will change 
as the rotor radius will change. 
Ee THE “Si CASES 
As previously mentioned, the first three cases are 
based essentially on changes in the rotor radius. 
1. CASE I - Radius Changes 
a. Chord is a constant (solidity varies) 
b. Tip velocity is a constant (rotational velocity 
changes) 
c. Disc area changes 
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2. CASE II - Radius Changes 
a. Chord varies (solidity is a constant) 
b. Tip velocity is a constant (rotational velocity 
changes) 
c. Disc area changes 
3. CASE IIf - Radius Changes 
a. Chord is a constant (solidity changes) 
b. Tip velocity changes. 
c. Disc area changes 
The next case considered involves rotor chord changes 
only 
4. CASE IV - Chord Changes 
a. Solidity changes 
b. Radius 1S a constant 
c. Disc area is a constant 
See ROcatlonail velocity 1S a constant 
e. Tip velocity is a constant 
The last two cases to be considered involve changes in 
the rotational velocity. 
Seep cool) VV - Retational Velocity Changes 
a. Tip velocity changes 
De Ghoemge1s ayconstant 
c. Radius is a constant 
SeecOlictey 1s a constant 


e. Disc area 1S a constant 
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6. CASE VI - Rotational Velocity Changes 
a. Rotational velocity changes ONLY in tip velocity. 
b. Tip velocttys icmameenoeamt 
c. Chord is a constant 
dad. Disc Area is a constant 
e, Solidity 1S a constant 
G. AIRSPEED 
The power required for a helicoipter varies with its 
forward velocity. Therefore, each of these six cases were 
examined at three representative velocities: 
1. Zero knots (hover) 
2. Sixty knots (approximating cruise velocity) 
3. One hundred fifty knots (approximating maximum 
velocity. ) 
Fach of the six cases were considered at each of the 


three velocities. 


Ze 


‘i ES 


A. THE BASELINE HELICOPTER 
PS typicateiizeght utility helicopter, 
use@ for the baseline data. It is to be 


SGategory helicopter, that is to say 


vehicle, might have produced different 


@acesce Aowever, what Was desired in this 


description of trends. 


The dimensions of 


a heavier 


the baseline helicopter 


SObUEICNPOr THE PROBLEM 


the UH-1N model, was 


noted that a different 


or a lighter 


results in some of the 
project was a general 


are shown in Table 


1 
TABLE I 
BASELINE HELICOPTER 
MAIN ROTOR taAbe ROTOR 
seratel Libis 1 ie ic!) 24.0 4.3 
Ghord {re 195 0.95 
Cdo 0.009 0.009 
Number Blades Z 2 
Rot. Vel. (rad/sec) SO os 7a 
Tip Vel (ft/sec) PRO 2 748.2 
GENERAL 
Front Flat Plate Area (sq ft) 25a) 
ioiieslencgem CLC) Ze. © 
Max Velocity (kts) eee) 
Gross Weight (lbs) 10,480.90 
Density Altitude Sea level 
ROLOr  Helgnt a £t) ahS).270 
SkKid@melqnht (ites 100.0 
B. PERFORMANCE OF THE BASELINE HELICOPTER 
Using the equations of Ref. 2, the power requirements’ for 


Pivyencgeene baseline helicopter 


levgeecOndhe wens, OUt of ground effect 
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were determined 


(OGE) 


at standard sea 


for three different 


velocities. The total power required inona the helicopter 
(PT(a/c)] consists of the sum of the main rotor oower [(PT(mr)] 
and tail rotor power let er) |. bach sen pnece powers can be 
further divided into induced power [Pi] and profile power [Pol], 
plus fuselage parasite power [Pp] as noted in Chapter I. 
C. PARAMETER VARIATIONS - GENERAL 

For each of the six cases discussed in Chapter II, a 
variation was made in one principal parameter in the amount of 
Five and ten percent above and below the baseline value. The 
component and total powers were then computed for each of the 
four variations from the baseline value. Tables III-VIII, X-XV, 
and xXVII-XXII are tabluat lense ot emene results of these 
variations. For each case, the Table shows: 

1. The values of the principal variable 

2. The other variables 

3, The main rotor component and total powers and the 

total power required for the aircraft. 

D. PARAMETER VARIATION - HOVER 

The performance of the baseline helicopter was computed at 
zero forward velocity (hover) at standard sea level, as shown aA 
Table II, and then variations were made for each individual case 
with the velocity remaining a constant at zero knots. 


TABLE II 
HOVER POWER REQUIREMENTS 


MAIN ROTOR TAIL ROTOR AIRCRAFT 
Induced Power (HP) 698.0 5 oes 
Profile Power (HP) psher eS LG =6 
Parasite Power (HP) OO 
Total Power (HP) 881.9 T 25 954.2 
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Meeernse) £0 [ROtoOr Radius 1] 

Hemmmenis Casevthe rotor radius was varied while the 
rotor chord and tip velocity were held constant. This imnlies 
eigiert the solidity was changed (Equation 2-1) as was’ the 
rotational velocity (Equation 2-2). Table III shows the results 


Sumeenese variations. 


TABLE III 
CASE I-0 
Radius 0.90Ro OS 95R 5 Ro IO Se 1.10R, 
Variables ZG 27 5 Za ASW 26.4 
Rot. Vel. 34.2 B24 3028 29.3 28.0 
PT (a/c) ona. 7 Oa ea 2 9380.2 909.7 
Power Pi(mr) 979.9 TSO 7 698.0 Gos 2 Gos) 
Required Po(mr ) mG. 4 i 4G S334 5 O30 202 82 
PT (mr) 945.3 Cie. 3 881.8 B56.2 833.9 


peeecAcE Ti=0 [Rotor Radius II] 
For this case the rotor radius was varied while the 
solidity and tip velocity were held constant. This implies that 
the chord was changed (Equation 2-1) as was the rotational 


velocity (Equation 2-2). Table IV shows the results of these 


Vevisiace | Ons’. 
TABLE IV 
CASE I1-0 
Radius OO Re OeI5R, Ry Tes Re He 
Variables 2 Ae,.6 2 de ae! Za 2522 265 
Roee Vel. 34.2 Be 4 30.6 29.3 28 20 
Chord lio ieoG 1.95 2.06 26 
PT (a/c) 997.5 O73. 2 954.2 941.9 93 Sea8 
Power Pier ) F799 736. 7 698.0 605.2 63.027 
Required Po(mr ) 149.6 166.4 Ley 5) 78) 2036 22525 
PT (mr ) 929.5 903.1 881.8 866.8 She Bie 


aS 


3. CASE III-0 [Reter Radius fim 





For this case the rotor radius was varied while the 
rotor chord was held constant. This implies that the solidity 
was changed (Equation 2-1) as was the tip velocity (Equation 


2-2) and the disc area. Table V shows the results of tnese 


variations. 
TABLE V 
CASE III-0 
Radius OF 70R 0.95Rq9 Ro je SIRs TOSI 
Variables 22-6 22.8 Dy AG, Pigs a 26.4 
Tip Vel.~ 665.3 gO) Foose TG Z suis) IL 
Area ao 5: 7 ie 33.1 1809.6 OI 5..°0 2189.6 
PT (a/c) 979.97 961.4 945.2 957.8 972, 2 
Power Pi(mr) 784.79 Ve Br 698.0 661.8 62932 
Required Po(mr ) 120.64 ao 7 Ea3 20 223.4 269.1 
PT (mr) O09. 30 888.4 Cia dass 86 52 898.3 


4. CASE IV-0 [Rotor Chord] 


For this case the rotor chord was varied while the rows 





radius was held constant. This implies that only the solidity 


was changed (Equation 2-1). Table VI shows the results of these 


variations. 
TAB bree 
CASE IvV-0 
Variable Chord OR90c, UL UeGs Co eo Sc 1.10cy 
Tas ies ge 2. Oe pallies) 
PT (a/c) 934.0 944.1 954.2 964.2 974.8 
Power Pi(mr) 698.0 698.0 698.0 698.0 698.0 
Required Po(mr ) ipsa ey ae Ie Saas: oS 0 2025.7 
PT (mr) Soo .74 S726 881.8 SCAG) OO 7 
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5. “CASE V=0 [Rotational Velocity I] 
For this .case the rotational velocity was varied while 
the rotor radius and chord were held constant. This implies that 
the tip velocity (Equation 2-2) was not a constant. Table VII 


shows the results of these variations. 


TABLE VII 
AS Sel) 
Evie Ve lem 9 OF 0 0.95% 22 9 1.05 {0 1.1080 
Variables De 2 a3 30.8 25 SS ies, 
ipo Vvel.s wooo < 3 Oe eee US ee THEo... 2 eI sial 
PL Las Gc) ae 931.8 954.2 S20, U 1009 22 
Power Pi (mr) TOS Be es, 698.0 696.4 694.9 
Required Po(mr) 134.0 ee 6 kis 3) 4 fe PN 2 te 244.6 
PT ( mr ) 63553 a) eee, 881.8 909.2 O35 9ers 


6. CASE VI-0 [Rotational Velocity II] 
For this case the rotational velocity was varied while 
the tip velocity, solidity and chord were held constant. Table 


Petit esnows the results of these variations. 


TABLE VIII 
CASE VI-0O 
Rot. Vel. 0.90 {iy 0.9525 2 eO.Sa0 TOR AO ERAT: 
Variables 269 2933 BHO) ate 52 a5 33.9 
Radius 2627 26.3 240 2259 Pes 
PT (a/c) 905.6 SS eae oa ee, 980.6 LOG. 3 
Power Pi(mr ) 6252) 66.5 698.0 73400 TE a6 
Required Po(mr) Zu ILS) Se) Leo. L7 S20 6 ae 
PT (mr) Ue S Bio) s) 5 10 one) IL ts: 909.8 938.8 
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E. PARAMETER VARIATION - CRUISE VELOCITY 

A forward velocity of sixty (60) knots was chosen as-7~ the 
cruise velocity for the baseline helicopter. 

As the helicopter translates into forward flight it ismbemGe 
expected that the induced power will cease to be the predominant 
factor in the composition of the total power. It is also to be 
expected that the profile power requirements will increase in 
relation to the square of the forward velocity. 

Fuselage drag, which of course contributed nothing to’ the 
power requirements at zero velocity, becomes more evident as 
forward velocity increases. Even though this power component is 
a function of the cube of the forward velocity, at the speed 
chosen for cruise in this example, the parasite power will be 
only approximately ten percent of the total power required for 
the helicopter. 

The baseline component and total power requirements at this 


velocity are shown in Table IX. 


TABLE IX 
CRUISE POWER REQUIREMENTS 
MAIN ROTOR TAIL ROTOR AIRCRAFT 
Induced Power (HP) 2300) 7.9 
Profile Power (HP) 198.7 es 5 
Parasite Power (HP) 56.2 
Total Power (HP) 493.6 25.9 519.5 
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1. CASE I-60 [Rotor Radius I] 
Pemmmenis Case thee rotor radius was varied while the 
POEOr “enomemand tip velocity were held constant. This implies 
that the solidity was changed (Equation 2-1) as was the 
rotational velocity (Equation 2-2). Tables X shows the results 


of these varlations. 


TABLE X 
CASE I-60 
Radius 0.90Rpo 0.95Ro Ro 1205 Ro L.1LOR» 
Variables 21s 6 2256 ZA 20 Zee 26.4 
Rowe Vel z aa 2 S24 SOP, 298.3 28.0 
PE(a/c) Ssomey) 50 od Io es) 5 Oa 498.3 
Power Pi(mr) Zo. 4 264.9 DIS) ae og) gf 196.9 
Required Po(imr ) ie. s 199.4 196.7 206.5 208 3 5 
Pp (mr ) DO 2 51 S19 Ge DoMrZ Sony - 
PT (mr ) oro), 4 Oo. 5 are ses, 481.0 ae 7 


oer LI -S0UReror Radius ii] 
For this case the rotor radiugS was varied while the 
solidity and tip velocity were held constant. This implies that 
the chord was changed (Equation 2-1) as was the rotational 


Vell@elty (2auatiom 2-2). Table XI shows the results o£ these 


variations. 
TABLE XI 
CASE II-60 
Radius 0.90R, Oro aR Ro Ia ayer 1.1GR, 
Variables 21.6 ZO 2420 US WO 2624 
Ree. Vel. 34.2 B24 UO) ats! 203 Zee 
Griend 7 © 1.86 e395 2.06 226 
Pita/c) Sins. 1 BP. 2 oye) Aas 519.4 522.9 
Power Pi(mr) 295.4 Zoe. 9 233.6 Z2UGe5 196.9 
Required Pe cnr ) 161.6 179.8 ISIS... 7 22023 Dee. 
Ppo(mr ) Bom 2 Bio. 2 56. 2 Sere 2 Sio15 2 
PT (mr) Dele 2 500.9 Oe 7 492.8 AOS i222 
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3. CASE Ill=60n Rotor Radius saa 
For this case the rotor radius was varied while the 
rotor chord and rotational velocity were.held constant. This 
implies that the solidity was changed (Equation 2-1) as was the 
tip velocity (Equation 2-2) and the disc area. Table XII shows 


the results of thesew var itacitens. 


TABLE AII 
GASE Ei —o0 
Radius 0.90R, 0.95Ryo Ro 1 SR L.1OR, 
Variables 206 22.58 24 .0 Zee 264 
Tip Vel. “cee as Ore Tog 2 Fis 83 
Area L4i6> 17 E63 3 S096 S.C 218956 
Pavia) 5). aay, mle0.. 5 Be. 5 D5 ono Beier. is 
Power Panic ) 297.2 Zo. 6 23166 21.539 19 Geel 
Required Po (mr ) D326 ie ome 198.7 23926 23 foe 
Pp (mr ) Soy. 2 BiG... Z DOm.2 362 5642 
PT (mr ) 486.0 484.9 AOS at oe be le, 539 


4. CASE IV-60 [Rotor Chord] 

For this case the rotor chord was varied while the rotor 
radius and tip velocity were held constant. This implies that 
only the solidity was changed (Equation 2-1). Table XIII shows 
the results of these variaticns. 


TABLE XIII 


CASE IV-60 
Variable Chord Oe ser ie Cp Cy 1.954 1. LO; 
1b 1S 6 5 r95 Zi0S Zs 

PT (a/c) ee ee) 209.0 ae aS 53 .0.2.0 540.6 

Power Pi(mr) 230 ,0 233°. 5 PRESS) As Zac se 23 0es 
Required P Olen) lS. 3 IS <5 iow 7 INNS 2aRD*. 0) 
Pp (mr ) Sor 2 DO. 2 Do s.2 25) AG 5622 

PT (mr ) 474.3 £33 5 “Ree 3] 510) See) Dae 
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Seno bm [Rotatvonal Velocity 1] 


For this case the rotational vvelocity was varied while 
the rotor radius and chord were held constant. This implies that 
the tip velocity (Equation 2-2) was not a constant. Table XIV 


shows the results of these variations. 


TABLE XIV 
CASE V-60 
ROG Velwmeo. 900, 0.9529 Qo AOS s6 Lo 
Variables ed at | 293 BOM B25 So) ae) 
Toe Vie ween 5 3.3 20252 ae 07 eZ Soe 
pita] c) 469.5 493.1 SoS 548.8 Sie be IL 
Power Bae (mc) 2 eel AEBS es Gal 23.0%6 235.2 DLE TART 
Required Po(mr ) Jel Gea 7 198.7 2234 261.20 
Pp(mr ) 56: 2 a) 6 ee 5622 SiGe 2 Sign 
PT (mr ) abl es AI 493.7 522.0 aya) o 


Seen oe Vi-oUmiRotational VeTtocity IT] 


For this case the rotational velocity was varied while 
the tip velocity, radius and chord were held constant. Table XV 


shows the results of these variations. 


TABLE XV 
CASE VI-60 
Rot. Vel. 0.90% 0.952 Qo 1.05fo 1.102, 
Varlables Dea) wo. 3 30.8 B23 3 38) 
Radius DG. 26055 2A Be) 2s 
PT (a/c) 496.7 506.8 oreo) ee" 63 45 5) 5 ane) 
Power Pi(mr) OZ 2.9 Ze) 33 Zo oeno PASTRY 5 2 gis 
Required Po(mr) 2207 6 2097-2 Sih. 7 18 9a Ite as zi 
Ppo(mr ) 56 <2 Bes 2 bb a2 S62 Serge 
PT (mr ) 469.9 480.5 493.7 509.0 SAS rs S' 
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Ee PARAMETER VARIATION - MAXIMUM VELOCITY 

A maximum forward velocity of one-hundred fifty (150) knots 
was chosen as the third and last velocity to be considered in 
this analysis. 

At this velocity it is expected that the induced power will 
be but a small fraction of the total power while the fuselage 
parasite power will become the dominant factor. It is to be 
recalled that parasite power is a function of the cube of the 
forward airspeed, and is therefore quite sensitive to velocity 
increases, 

The power requirements of the baseline helicopter at this 


velocity are shown in Table XVI. 


TABLE XVI 
MAXIMUM VELOCITY POWER REQUIREMENTS 
MAIN ROTOR TA LimeRO TOR AIRCRAFT 
Induced Power (HP) 96.2 ZnO 
Profile Power (HP) 276.6 24.6 
Parasite Power (HP) 878.3 
Total Power (HP) 25 45.8 1296.9 
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i eee 1-150 [Rotor Radius 2 
For this case the rotor radius was varied while the 
rotor chord and tip velocity were held constant. This implies 
that the solidity was changed (Equation 2-1) as was the 
rotational velocity (Equation 2-2). Table XVII shows the results 
of these variations. 
TABLE SAV LT 
CASE I-150 
Radius 0.90R, Oe SIs R 4 IO SR 5 Oi. 
Variables 21.6 227.6 Bar 1 Zones 26.4 
ROtwe Vel. 340 gy 3022 70S ee eh 10 
PT(a/c) mee. 3 1291.2 1296.9 V3 Cad ilies ale. 
Power Pi(mr) Tyo. 4 Oiler ¢ 96e.2 SiO (2 ol 
Required Po(mr) 248.9 262.4 266 290.4 304.3 
Pp(mr ) 273.3 878.3 G76 .3 878. 3 873.3 
PT (mr) 246.6 1247.5 ee i hye Zeta PZ Glee! 
Zoe Choe s) [Roeor Radius 11 ) 
For this case the rotor radius was varied while the 


solidity and tip 


velocity were 


held constant. This implies that 


the chord was changed (Equation 2-1) as was the rotational 
velocity (Equation 2-2). Table XVIII shows the results of these 
warilatlons . 
TAB Gia xy LI I 
CASE [1-150 
Radius 0.90R | Cr SR Bare Oe, Ve OR 
Variables Pole DIRS BEN 0) 25 ae 26.4 
Ree. Vel, 3422 324 30d 29.23 28°20 
Ghond 1 We ee 6 1.95 22.06 Os: 
PiGayc) 1263.8 ieee. 9 1296.9 3 20 34g 
Power Piscine ) 119.4 OG .8 Soe 2 O72) TS 
Required Po(mr) 225-21. Z5 Ore4 2G eG 306238 Bo ae 
Pp (mr ) 7 8 878.3 Oy S35 S7oa8 87544 
PT (mr ) 122 2aeS P2355 Ieee 127 2 ea 179 45 


Bo 


3. CASE LII=150 (Rotor Radius mae) 


For this case me rotor rads was Varnled 707 ono 


rotor chord and rotational velocity were held constant. This 


implies that the solidity was changed (Equation 2-1) as was the 


tip velocity (Equation 2-2) and the disc area. Table XIX shows 


the results 6f these vorvae mons. 


TABLE XIX 
CASE [il 50 
Radius 0.90R, Oe Sika, Rg 1.05R, 1.05R,g 
Variables Zino 227.6 24.0 2a 26.4 
Tips Vel. ) 665-3 TORR Se 11622 8 aan 
Area LAGSA7 Boys) copeh F209. 6 1955950 2189.6 
PaiGay Cc) 1288. 2 2G. 7 1297.0 P3887... 13:8724)5 
Power Pi (mr) LZ Oye. 1 96.2 86.8 Teme 
Required Po(mr) oi 8 2200) 276.6 S215. ts) 33: aa 
Ppo(mr ) Beeons Bors eh te) as) Gi oe 87 Sas 
PT (mr) NIU WA De eee, Leb, 1. 1290.9 133:0%5 


4. GASE IV-150 (Rooter lenecaa 


For this case the rotor 


radius 
only the 


results 


Varlable 


Power 
Required 


and tip 


Cacird 


PT (a/c) 
P1Giie) 
Po(mr ) 
Pp(mr ) 
PT (mr ) 


solidity was changed 


of these variaevence 
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velocity were held constant. 


(Equation 2-1). 


This implies 


Table XxX 


Uw © WN Ww 


chord was varied while the rotor 
thee 


shows the 


epee oe V-l50 [Rotational velocity 1] 


For this case the rotational velocity was varied while 
the rotor radius and chord were held constant. This implies that 
m@@e tip welocity (Equation 2-2) was not a constant. Table XXI 
Shows the results of these variations. 

TABLE “AL 
CASE Y-150 
Rote Vel. 0.90%), 0.952, 2 Li sygs. te. 
Variables Zit 29°. 3 30.8 Bene ajo, 
ep ivel., yoo5:. 3 LO 22 139 eZ WT Oa 2 Suara 
PT Cac) 1241.0 P26 7 lL 2362.9 ie 2 1364.9 
Power Pi (mr) 96.7 96.4 Mere phere 2, OS eay, 
Required Po(mr) Pa ee 245.8 eG 6 Bano. 3 346.8 
Pp(mr ) Siow 878.3 C7 Oaee 87865 87 Gas 
PT (mr ) 92.5 2268 5 TZ Sie 1284.5 [3205 


pee onot vie oom kotational Velocity I1] 


For this case the rotational 


the tip velocity, radius and 


velocity 


chord were 


XXII shows the results of these variations. 


FABLE SxArt 
ChStevl—1 50 


Roc. vel. 0.90%, 0.9525 
Variables Ji Jie 29° 3 
Radius ZO 253 
Pl (a/c) ieee) i304. 3 
Power eee mr ) T?25 86.6 
Required Po(mr) BO aed 291.1 
Pp (mr ) am tal a! CUT cures: 
Pam } F205e0 6s 0 
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held 


WaS varied while 


Table 
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IL ANALYSIS 

A. INTRODUCTION 

The geometric parameters that were varied in this 
investigation were all related to the main rotor, and therefore 
directly affected the main rotor power. But, inasmuch as the 
tail rotor power is a function of the main rotor torque, and 
therefore the main rotor power, analysis will be made as to the 
effect of the parameter change on the total power required. 

Because the total power varies with forward flight, the 
findings were non-dimensionalized by referring the percent 
change in the parameter to the percent change in total power 
required. The figures of this chapter show these relationshins 
separately for each of the six cases for each of the three 
velocities, as well as composite summary presentations. For each 
case, comments will be made as to the overall effect of the 
parameter change on the total power required, as well as an 
analysis of the primary contribution to the change. The induced 
power (Pi) and the profile power (Po) trends are shown with up 


or down arrows at the extremes of the basic parameter change 


Secale. 
Berio VR 
Figures 4.1- 4.6 show the changes in power required for 


each of the six -0 cases presented in Chapter III. 
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PERCENT CHANGE - RADIUS 
prgucer4., !)— Case, 1-0 
Pech on fT OetpROEOr Radius i) 
For this case it is to be seen that the total power 


Peeteoases “ash tne rotor radius 1S increased. At the low’end of 


the radius scale (Q. 


maereasea from the 
has been decreased. 
mmem reverse effect 


in induced vower is 


90R) the main rotor induced power has’ been 
base value while tne main rotor profile vower 
At the high end of the radius scale (1.10R) 
is observed. This indicates that the change 


the dominant effect for this change. 


a/ 


PERCENT CHANGE - POWER 





2) 0 10 


PERCENT CHANGE - RADIUS 


Figurew4) 2y—=sGacee rt 0 


2. CASE 21=0 (Rotor Radauica im 


Once again it is seen that the total power required 


Gecreases as the main rotor radius increases. 42s wien 


previous case, the induced power increases as radius is reduced 


and decreases as radius is increased, with the profile power 


change moving in the opposite direction. 
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PERCENT CHANGE - POWER 





-10 O 10 


PERCENT CHANGE = “RADIUS 
Figure 4.3 - Case III-0 


Seen os Li b-Geiocoreradius Lif] 

For this case it is seen that the power increases with 
both a decrease in rotor radius or an increase in radius. Once 
again, the induced power required increases with a decrease in 
radius and decreases as the radius is increased with the profile 
power reacting in the opposite manner. 

Inasmuch as this case represents the most elementary 
change involving the radius, that is to say simply changing the 
Podt@usewieenout altering the rotational velocity or the chord, it 
appears that an optimum radius could be chosen for nover flight, 


once other factors are selected. 
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PERCENT CHANGE - POWER 





10 


-10 0 
PERCENT CHANGE - CHORD 


Figure 4.4 - Case IV-0 


4. Case IV-0 [Rotor Chord] 

This figure indicates that as the chord is increased, 
the total power required also increases. Because the induced 
power determinations were made using Momentum Theory, blade 
chord does not appear as a factor in the induced voower. This 
explains the lack of change of this power component with chord 


changes. 
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PERCENT CHANGE - POWER 
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PERCENT CHANGE - Q 
Bae eigewe Cac en\/—() 


Tae Glove v=0 IROeatwZonal Velocity 1] 


An increase in rotational velocity results eee 
Mie=eace = i1n “total power required, as “shown in “Figure 4.5. 
However, WeaetcumReecescsarye Chae “Ehe fetational @velocity be 
Sart iclene to provide “for the generation of the required thrust. 
me Tene rotational velocrty Ws tooMlowymwa large angle of attack 
Seeeieamobades wlll Ge required, This“will not~wonly result in an 
increase in induced power, but will also produce an increase in 
profile drag coefficient, which will increase the profile power 


required. 
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PERCENT CHANGE - POWER 





~10 0 10 


PERCENT CHANGE - CQ 
Figure 4.6 - Case VI-0 


6. CASE Vi-0 ([Retatronaiy creer uy mln 


The overall effects of a change in rotational velocity 
in this case are somewhat similar to those of tne previous case, 
but there are differences here in the causes of the change. 
Because this case involves not only a change in rotational 
velocity but also a change in rotor radius (to maintain a 
constant tip velocity), the induced power is changed as is’ the 
profile power. In _ fact, it is seen that the change in the 


induced power is the dominant factor. 
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em cRolSE VELOCITY 
Figures 4.7 - 4.12 show the changes in total power required 


EOF each of the six -60 cases. 
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PERCENT CHANGE - RADIUS 
Figure 4.7 - Case I-60 
Ll. CSE 1-cOm(Retor™Radiiis 1) 


An increase in rotor radius results in a decrease in 
total power required. In this set of cases, although the induced 
power has been reduced from the hover case, the forward velocity 
1$ still low enough to provide for tne induced power effects. It 


is seen that the induced power is the dominant factor in this 


Case. 
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PERCENT CHANGE - POWER 
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PERCENT CHANGE - RADIUS 


Figure 4.8 - Case II-60 


2. GASE 11-60 [Reber kagns si 
Once again the induced power causes an increase in total 
power at low values of radius, but the effect of the induced 
power iS partially overcome at the larger radius values by the 


profile power term. 
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PERCENT CHANGE - POWER 
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PERIGENT CHANGE - RADIUS 


Figure 4.9 - Case III-60 


Sooweros LIiL=60> [Rotem Radius 1tTl] 

The increase in tip velocity as the rotor radius is 
changed with a constant rotational velocity in this case results 
in a rapid increase in total power required as the radius is 
increased. The dominant factor is the increase in profile power 


requirements. 
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PERCENT CHANGE ~- POWER 
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PERCENT CHANGE - CHORD 


Figure 4510) = Case #57 cv 


4. CASE IvV-60 [Rotor Chord] 

As in the hover case, increaSing the chord produces an 
increase in total power required. The effect at cruise velocity 
1S even more pronounced because of the general increase in 
profile power at velocity over that at hover. Profile power is 


the dominant weactor. 
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PERCENT CHANGE - POWER 
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PERCENT CHANGE - 


Figure 4.11 - Case V-60 


5. CASE vV-60 [Rotational Velocity I] 


Tiewe cumlemte cn) bem tin yelocity iin the profile power 
equation results in a substantial increase in total power 
required as the rotational velocity is increased. Again, one 
must recall that although there is no apparent effect on induced 
power, the required angle of attack and the developed lift of 
the blades are very sensitive to the rotational velocity. 


Profile power is the dominant factor. 
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PERCENT CHANGE - @. 


Figure 4.12 - Case V1-60 


6. CASE VI-60 (Rotationai/elocie ie) 
Here with a rotational velocity increase, the rotor 


radius is decreased so as to maintain a constant tip velocity. 
Although the total power increases as in Case V-60 in Figure 
4.11, the cause here is principally the change in induced power 
that results from the radius change. It is to be noted formenme 
case that the profile power trend 1S opposite from that of Case 


VSe 
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be MAXIMUM VELOCITY 

At the higher velocities, the effects of induced ovower 
become minimum and the total power is dominated by the profile 
and parasite power terms. Inasmuch as none of the parameters 
which have been varied affect the parasite power, lt Pevexpected 


that profile power rerquirements will dominate in the cases 


Siew ime rigures 4.13 - 4.18. 


PERCENT CHANGE - POWER 
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RERCENTICHANGE = eRADIUS 


pagure 413 —- Casegr-150 
Perse oO [Rotor Radius 1] 
Only a slight change is observed with changes in rotor 
radius in this case. The opposite effects of induced and profile 


power nearly cancel each other. 
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PERCENT CHANGE - POWER 
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PERCENT CHANGE - RADIUS 
Figure 4.14 - Case II-150 


2. CASE 11-150 [Rotor Radius tim 
A small, but steady increase in total power is observed 
as the rotor radius is increased in this case. Inasmuch as the 
overall trend 15 opposite weeo sw enat, sce the induced power 
requirements, it is seen that the profile power needs are 


predominant. 


50 


PERCENT CHANGE - POWER 
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PERCENT CHANGE - RADIUS 


Egune 4215 — Case TEt=150 


Be we@nes L[Li-150 [Roror Radius 181 ] 
Increasing the rotor radius while maintaining a constant 
rotational velocity resultS in an increased tip velocity. The 
effect of this change on profile power and on the total power is 


evident from Figure 4.15. The porofile power is dominant. 
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PERCENT CHANGE 
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- CHORD 


Biigu r eudel6 v=. Casecaia50 


4. CASE IV-150 ([Rotemecicral 


Increasing the chord has a 


tne total power. However, ie aS 


peter 


(10%) change in chord 


approximately a three percent (3%) 


Veloce ty. 


Profile power is dominant. 


B)/2 


steadily increasing effect on 
to be observed that a_ ten 
dimension results” “In’) Wemly 


change in total power at this 


PERCENT CHANGE - POWER 
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PERCENT CHANGE - () 


Figure 4.17 - CAse V-150 


Pec aoh V- ovum ROtatl Ona Vebocityert ] 
Increasing the rotational velocity while holding the 


Beeor rFaamis Constante results in an increase in the tip velocity 


and a rise in the total power required. The profile power is the 


dominant. ftactor. 
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PERCENT CHANGE - POWER 
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PERCENT CHANGE - Q 
Figure 4,18 - Case@yi=150 


6. CASE VI-150 ([Retattoneiacleciia ae) 


When the rotational velocity and the rotor radius ar2 
changed at the same time so as to maintain a constant tip 
velocity pu@there yes negligible effect on the total power 
requirements. The compensating effects from the induced and 
profile power components indicate that there 1s no dominant 


FACEOr. 
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Le SUMMARY 

Mime ucctumeG Observe mere “closely the effects of these 
parameter variations over the entire velocity range, the 
composite percentage changes in total power have been plotted in 
Figures 4.19 - 4.24 for each of the six cases for the three 


velocity values. 
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PERCENT CHANGE - RADIUS 


Figure 4.19 - Case I-Summary 


1. CASE I-SUMMARY [Rotor Radius [I] 
It is seen that the improvement in total power with an 
increase in rotor radius that is evident at the lower velocities 
is reversed at high speed. This gives the designer cause to 


ponder as to at what velocity the helicopter should be 


SvernLzed. 
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PERCENT CHANGE - RADIUS 


Figure 4.20 - Case Ii-Summary 


2. CASE II-SUMMARY [Rotor Radius ITI] 
Again the high forward velocity region results in a 
reversal of the total power trend, but it is te be observed that 
an increase in radiuS produces an increase in total power even 


at the cruise speed. 
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PERCENT CHANGE - RADIUS 


Figure 4,21 —- CAse III ~- Summary 


SB. “CAeb- tll soMearny [Rotor Radius TIT) 


Only at hover is there a minimum point in the power 
required in this case. Once again, the designer must consider 


carefully at what velocity the performance should be optimized. 
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PERCENT CHANGE - CHORD 


Figure 4.22 - Case IV-Summary 


4. CASE IV-SUMMARY [Rotor Chord] 
Although this summary plot indicates an increasing power 
requirements at all velocities, it should be noted that the 


percentage change in total power is really very small. 
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PERCENT CHANGE - QQ 


Figure 4.23 - Case V-Summary 


5. CASE V-SUMMARY [Rotational Velocity [I] 
In Figure 4.23 it is seen tnat increasing the rotational 
velocity while holding the rotor radius constant produces an 
increase in total power required at all velocities, with a more 


drastic increase at the mid-velocity (60 knots) region. 
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PERCENT CHANGE - () 


Figure 4.24 - Case Vi-Summary 


6. CASE VI-SUMMARY Si Reta bicenal me cte me 


Increasing the rotational velocity while decreasing the 
rotor radius so aS to maintain a constant tip velocity results 
in an increase in total power required at the lower velocities 
and produces a very slight decrease in power requirements at 


maximum velocity. 
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V . CONCLUSIONS AND RECOMMENDATIONS 





A. “@@NCLUSTIONS 

This project allows the user to examine some general 
trends that could be used in the early stages of a 
helicopter design. It should be restated that the trends 
developed in this project are only for the baseline 
helicopter and may be different for heavier or lignter 
vehicles. 

From the analysis of Chapter IV it is seen that if the 
radius is changed the total power requirements differ 
according to both how the other geometric parameters change 
and the velocity of the helicopter. This means that the 
designer must perform a sensitivity analysis for each of 
the possible options that are to be considered. 

If there can be any general conclusions drawn from this 
study it is that an increase of rotor chord generally 
produces an increase in total power required at all 


velocities as does an increase in rotational velocity. 


B. RECOMMENDATIONS 

In order to broaden the information presented herein, 
it is recommended that a similar task be undertaken for at 
least three other helicopter weights - less’ than 5,000 


pounds, 20,000 pounds and greater than 50,000 pounds. 
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The results of these studies could then be compared 
with this project in an effort to learn if the trends noted 
in this study are typical across the helicopGer wotgae 


range. 
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